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Abstract
We re-examine the problem of parity violation in single field inflation. We look for a
systematic way to parametrically approach the scale at which maximal parity violation
occurs, which is where we expect to find the presence of the Chern Simons instability.
We do so by considering possible realizations of the effective field theory of Scalar-Tensor
gravity, which could offer a rich phenomenology. The gravitational action is extended to
include derivatively coupled interactions which, by means of a disformal transformation, are
scaled by negative powers of a small parameter which is identified with the graviton speed.
This results in suppressing the cutoff scale of the effective theory leading to parametrically
large chiral tensor fluctuations. We conclude that a change in the physical description
of the system is necessary in order to maintain sufficient parity violation as well ensure
stability of the modes.
1 Introduction
In Einstein’s theory of General Relativity parity is conserved. On the other hand, extensions to gravity,
motivated by high energy physics, require the addition of parity violating terms to the Einstein-Hilbert
action [1]. These corrections create a difference in the intensities of the left and right gravitational
wave polarizations resulting to a net circular polarization in the gravitational wave background.
It has been shown that if such an asymmetry was generated during inflation it could leave an
observable trace in the cosmic microwave background (CMB), i.e. by producing non-vanishing TB
and EB mode correlations [2–5], whose amplitude is characterized by the scalar-tensor ratio r and the
degree of polarization Π. The latter is defined as the difference between the tensor power spectra of
left- and right-helicity modes, at the end of inflation, normalized by the total amplitude
Π =
PLh − PRh
PLh + PRh
, −1 < Π < 1, (1)
and it can take values between −1 and 1 for maximally right or left-handed signal or zero when circular
polarization is completely absent from the gravitational wave background.
Future experiments, such as SPIDER, CMBpol and LiteBIRD, will measure the B-Mode polar-
ization anisotropies with expected precision r ∼ 10−3 [6–9]. Additionally, a direct detection of a
primordial circularly polarized stochastic gravitational wave background may be possible with space-
based interferometers, such as LISA, DECIGO (Deci-Hertz) or their proposed successor BBO (Big
Bang Observer) [10–15], as well with PTAs (Pulsar Timing Arrays) [16].
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It has been argued that it, ideally, requires a large circular polarization degree Π in order to
make a detection of parity violation [3, 17, 18] (for a more recent summary see [19]). Unfortunately,
theoretical predictions for single field inflation tend to suffer quantitatively due to the Chern Simons
instability [20–25], leading to a negligible chirality enhancement.
Alternative approaches have been to consider two-field inflationary models [22], by introducing a
curvaton or several gauge fields [25], couplings in term of a massive field [26] or to consider models of
inflation involving non-Abelian gauge fields [27]. The latter was an extension of the work in [28] where
parity violating tensor perturbations, during inflation, were used to build a leptogenesis model in
which they focused on the short distance modes. This model was further extended in [29] to examine
baryogenesis in the dark sector. Other approaches have been to study gravitational wave polarisation
in Horava-Lifshitz gravity [30,31]. See also [32] for a top-down approach.
In this work we re-examine the problem of parity violation in the context of single field inflation.
The generic effective field theory (EFT) for single field inflation was studied by Weinberg in [33] in
which they produced the most general set of operators that contribute to the lower energy physics.
The gravitational action was extended at next-to-leading order (NLO) to include the Weyl squared
tensor and the gravitational Chern Simons term, with the latter being responsible for parity violation.
There it was shown that for the energy expansion to be finite1 the heavy mass scale Λ suppressing the
higher-derivative operators cannot be much smaller than the reduced Planck mass MPl. Considering
that MPl ' 1018 GeV and the energy scale of inflation is constrained to be H . 1013 GeV [34] one
would expect parity violating effects to be very small. Therefore, different assumptions are needed if
one wishes to examine a regime where new physics are expected to be much closer to the scales that
we can measure in the CMB.
In this work we aim to approach this regime parametrically. We ideally want to keep the heavy
mass scale Λ 'MPl fixed and instead introduce a parameter whose effect is to parametrically suppress
the value of Λ. The most straightforward way to achieve this is by introducing a non-trivial dispersion
relation. This process is well understood in, for example, the effective field theory of inflation (EFTI)
studied by Cheung et al. [35]. There it is the broken time diffeomorphism (Stu¨ckelberg trick) which
introduces extra pieces to the action. This, naturally, results to a non-trivial speed for the scalar
and tensor sectors whose effect is to suppress the heavy mass scale of the non-quadratic fluctuations
resulting to the strong coupling scale of the theory appearing parametrically below the scale at which
the background was integrated out, leading to large scalar non-Gaussianity. Later on, they addressed
this issue in [36,37] by studying weakly coupled completions of the EFTI action for scalar fluctuations.
P (X) theories, where X = −1/2∂µφ∂µφ, are also known to produce a similar scenario in the non-
relativistic limit [38].
Here we approach this from the point of view of Horndeski theories (or beyond) which are known
to be characterized by non-trivial dispersion relations. Assuming there exists a UV completion for
the Horndeski theory, one could take a bottom-up approach in which the Horndeski theory could
be extended, from an effective field theory point of view, by writing down the most general set of
operators that agree with the symmetries and particle content of the full theory. So far only partial
extensions to parity-preserving Scalar-Tensor theories have been attempted [39, 40] while ghost-free
parity violating corrections to Scalar-Tensor theories were separately examined in [41].
Here we produce an extension to the Horndeski theory (or beyond) by employing a disformal
transformation of the metric. It is well known that disformal transformations can generate Horn-
1This is a generic effective field theory where various coefficients are assumed to be of order unity and the strength
of the higher-order corrections is determined by dimensional analyses.
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deski or beyond Horndeski theories. Special disformal transformations, where the disformal function
depends only on the scalar field φ, were analysed in [42]. General disformal mappings of the Einstein-
Hilbert action were considered in [43], while general disformal transformations of quadratic DHOST
Lagrangians were investigated in [44,45]. There it was shown that disformal transformations introduce
extra pieces to the action which, naturally, change the dispersion relation for gravitons.
We extend on these ideas by including disformally transformed higher-curvature operators from
an EFT point of view. As one expects, the formulations can quickly grow to be too cumbersome when
working with disformal transformations at the covariant level. While we have already taken steps
towards that direction (as an example see Appendix C), it is convenient to first examine disformal
transformations of higher-curvature operators for cosmological perturbations as they are simpler. The
results of this work are to be understood as indicative of what can be achieved when one considers
chiral scalar-tensor extensions to Horndeski’s theory and beyond.
The aim of this work is to parametrically suppress the heavy mass scale Λ of the higher-derivative
operators. To examine this in a systematic way and in the simplest way possible, we employ an inverse
disformal transformation [46] on the extended action for tensors in [33]. We find that if the higher-
curvature operators are scaled by inverse powers of a small parameter cT , which we identify with
the graviton speed, this pushes their contributions into the “UV sensitive” regime, where the energy
scale suppressing these corrections is well below the scale of the reduced Planck mass MPl, leading
to parametrically large chiral tensor fluctuations. In this sense the effective field theory is organized
into an energy expansion, where E/Λ∗ is the expansion parameter and Λ∗ is an effective mass scale
which parametrically depends on some power of cT . We find maximal parity violation occurs for
parametrically small values of cT  1 in the limit that E2/Λ2∗ → 1. This signals the breakdown of
the perturbative expansion and the presence of the Chern Simons instability. Furthermore we expect
cubic or higher-order interactions to become important resulting to a strongly coupled theory.
We conclude that a change in the physical description of the system is necessary in order to
maintain sufficient parity violation as well ensure stability of the theory. Preliminary results on cubic
interactions indicate that one would ideally need to work with a weakly coupled completion of our
system. Such completions have already been attempted in the scalar sector of the effective field theory
of inflation (EFTI) studied by Cheung et al. [36, 37].
The paper is organized as follows. In Section 2 we introduce the quadratic action which we
disformally transform in Section 2.1. We then examine the validity of the EFT in Section 2.2 and
proceed to produce second-order equations of motion in Section 2.3. Next, we identify the conditions
for a stable Chern-Simons theory in Section 3 and proceed to solve the linearised theory in the simplest
way possible in Section 4. Finally we evaluate the power spectrum in Section 4.1 and briefly look at
the different representations of the theory in Section 5. We conclude our results in Section 6.
2 Parametric amplification of chiral gravitational waves in single
field inflation
We consider possible realizations of the effective field theory of Scalar-Tensor gravity which could offer a
rich phenomenology. One can start with a gravity + scalar system and extend it with higher-derivative
operators from an EFT point of view. Here we achieve this with an inverse disformal transformation
of the quadratic action. We take a bottom-up approach, in which the action is organized as an
energy expansion, where the leading-order Lagrangian is that of standard canonical Einstein gravity,
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while the higher-order Lagrangians are treated perturbatively. At next-to-leading order (NLO), i.e.
four-derivative operators, the action reads [33]
S(0) =
M2Pl
2
∫
d4x
√−g
{
R+
f1
M2Pl
WµνρσWµνρσ + ε
µνρσ f2
M2Pl
WµνκλW
κλ
ρσ
}
, (2)
where Wµνρσ is the Weyl tensor, and ε
µνρσ = (−g)− 12 µνρσ is the totally antisymmetric Levi-Civita
tensor density. The reduced Planck mass is defined as M−1Pl =
√
8piG, with G being the gravitational
Newton’s constant. The last term in (2) is the gravitational Chern Simons term, which is sometimes
denoted as WW˜ and it is responsible for parity violation.
We denote with Λ 'MPl the energy scale of the heavy degrees of freedom that have been integrated
out of the Lagrangian. Such high energy processes are not experimentally accessible to us, but instead
they enter the low energy action, order-by-order, though the coefficients in the derivative expansion.
Therefore, higher-order corrections are expected to be subdominant as they are suppressed by the
heavy mass scale Λ which is the energy scale at which we expect to find ”new physics”. For a great
review on EFTs see [47,48] and the excellent reviews by C.P. Burgess.
The functions f1(φ) and f2(φ) represent generic couplings of the dimensionless scalar field φ =
φc/Λ ' φc/MPl which satisfies inflationary dynamics and is homogeneous and isotropic. In the
absence of a UV complete description, the form of the coupling strengths can be motivated from
phenomenological considerations and/or experimental observations.
From now on we choose to work with the conformal time η and assume an isotropic and homoge-
neous FRW cosmology with line element
ds2 = a(η)2[−dη2 + dx2], (3)
where a = −(Hη)−1 is the scale factor and take the scalar field to be homogeneous φ = φ(t). Although,
during inflation, the de Sitter symmetries are taken to be broken we choose, for simplicity, to work in
an approximately exact de Sitter space with the Hubble parameter given by H(t) ∼ H = const. and
where t is the proper cosmic time. Finally, the metric is expanded, up to second-order in perturbations,
around a de Sitter background
gµν = g˜µν + hµν ,
hµν
gµν
 1, (4)
where the perturbations respect the transverse-traceless (TT) conditions, namely ∂ih
i
j = h
i
i = 0. In
what follows we focus only on the tensor sector.
2.1 Disformally transformed action
We choose to express the quadratic action in terms of barred parameters (see Appendix A). Therefore,
we consider the effects of the inverse of a disformal transformation of the form
gµν → g¯µν = cT
[
gµν + (1− c2T )nµnν
]
. (5)
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Here we have used the normalization nµ = φ,µ/
√
2X with nµn
µ = −1 and X = −12φ,µφ,µ. We follow
the methods in [46, 49, 50] where it was shown that in an FRW cosmological setting, with the scalar
field φ taken to be homogeneous, a disformal transformation corresponds to a redefinition of the time-
coordinate and the scale factor. In particular, for an inverse disformal transformation, one can make
the following redefinitions
dη¯ = cT dη , a¯ = c
1
2
Ta,
(6)
where for simplicity we take the disformal parameter cT = const. and f¯1, f¯2 to be functions of the
conformal time η¯. At second-order in perturbations of the metric2 the contributions to (2) transform
as follows (see Appendix A for more general expressions)
S(2) =
M2Pl
2
∫
d4x
{
a2
4
[
(h′ij)
2 − c2T (∇hij)2
]
+ ijk0
8f¯2
c2TM
2
Pl
∂ih
′
lj
[Hh′lk + h′′lk]
+
f¯1
M2Pl
[
(h′′ij)
2
2c3T
+
h′′ij∇2hij
cT
+
cT (∇2hij)2
2
− 2(∇h
′
ij)
2
cT
]}
,
(7)
where we denote time derivatives with a prime (∂η =
′). The Hubble parameter in terms of the
conformal time is given by H = aH and we use Latin indices to denote spatial components. At
leading order in (7) we find a quadratic action with gravitons having a non-trivial speed, given by
S
(2)
LO =
M2Pl
2
∫
d4x
a2
4
[
(h′ij)
2 − c2T (∇hij)2
]
. (8)
This is because, at the level of the perturbations, the effect of a disformal transformation can be
seen as a stretching of the time-coordinate with respect to the spatial coordinate. This can also
be understood by considering the effect of a disformal transformation at the covariant level. For
example, in [43] (see Appendix B.1, relation (B10) in [43]) it was shown that the effect of a pure
disformal transformation to the Einstein-Hilbert action translates to adding extra pieces to the action
which results in producing a Horndeski like theory. Such theories are known to be characterised
by non-trivial dispersion relations. In this sense, the next natural step is to identify the parameter
cT in (7) to be the leading order contribution to the tensor speed. Similarly, the higher-curvature
contributions are modified by acquiring extra pieces (as an example see Appendix C).
It is interesting to note that the leading order action in (8) is related to the quadratic action for
tensors in [35], namely
S(2) =
M2Pl
2
∫
d4x
a2
4
c−2T
[
(h′ij)
2 − c2T (∇hij)2
]
=
M˜2Pl
2
∫
d4x
a2
4
[
(h′ij)
2 − c2T (∇hij)2
]
, (9)
by a conformal transformation which can be used to set the modified Planck mass M˜Pl in (9) to
standard. In [35] it is a broken time diffeomorphism (Stu¨ckelberg trick) which introduces extra pieces
to the action. This naturally results to a non-trivial speed for gravitons. It would be interesting to see
2 Here we used the formulations in [51] and the Mathematica package in [52] to produce the perturbed expressions.
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how parity violation is affected in their setup. In their work they focused on curvature perturbations
which were treated as Goldstone boson modes. There it was found that a small scalar speed reduces
the mass scale that suppresses the non-quadratic fluctuations leading to sizeable non-Gaussianity.
Here we find that, in a similar fashion, higher-order quadratic operators (and consequently non-
quadratic operators) with more time-derivatives are enhanced, for small parameter cT  1, compared
to operators with spatial derivatives3. In this way the sub-leading terms in (7) could become sizeable
as they are scaled by negative powers of a small parameter, leading to parametrically large chiral
tensor fluctuations. Next we look at the phenomenological consequences of our set-up.
2.2 Validity of the EFT
The main aim of this work is to parametrically approach the regime at which the EFT breaks down,
which is where we expect the Chern Simons instability to appear in the system.
The effective action in (7) is organized into an energy expansion which is in terms of powers of
the expansion parameter E/Λ∗, where Λ∗ is an effective mass scale proportional to some power of the
parameter cT . The energy expansion will continue to be valid until the sub-leading terms become as
important as the leading order terms. Therefore we expect that the cosmological perturbation theory
will break down in the non-relativistic limit cT  1, i.e our effective field theory will cease to be
meaningful if the ratio E/Λ∗ → 1. Putting this into a Feynman language, at this point one would
expect the propagator of the free field theory to pick up substantial contributions which can affect the
leading order kinematics. This can also result into the presence of unphysical states in the system [33].
The usual prescription is that one will need to add extra pieces to the action in order to restore the
validity of the EFT4.
To find when this happens we need to estimate the form of the effective mass scale Λ∗ by examining
the action in (7) which is quadratic in the fields. The case where cT = 1 was considered in [53]. Here
we wish to find the effective mass scale of (7) for cT  1. We employ the methods in [36] (see
Section 2 in [36]). We restore fake Lorentz invariance by defining the following rescaling of the spatial
coordinates x→ x˜ = c−1T x and the canonically normalized tensor perturbation
h˜2ij =
c3TM
2
Plh
2
ij
4
. (10)
From this we find that the action in (7) becomes
S(2) =
1
2
∫
dη d3x˜
{[
(h˜′ij)
2 − (∇˜h˜ij)2
]
+ ijk0
32f¯2
c3TM
2
Pl
∂˜ih˜
′
lj
[
Hh˜′lk + h˜′′lk
]
+
f¯1
c3TM
2
Pl
[
2(h˜′′ij)
2 + 4h˜′′ij∇˜2h˜ij + 2(∇˜2h˜ij)2 − 8(∇˜h˜′ij)2
]}
.
(11)
The effective mass scale of the theory Λ2∗ ' c3TM2Pl can be read off directly from (11), where for
simplicity we treat f¯1 and f¯2 as order-one parameters. To ensure the validity of low energy observables
3A similar conclusion was reached in [35] for the scalar sector. In their case it was the spatial derivatives that were
enhanced with respect to time-derivatives.
4At some stage one may have to work with the UV complete description of the system.
6
we need our perturbative expansion to hold at the relevant scales that we can measure in the CMB,
i.e. at horizon crossing where the fluctuations freeze. Therefore, we demand that the size of the
fluctuations at the de Sitter scale kph ∼ H, where kph = k/a is the physical momentum, coming from
the higher-order corrections, is much less than O(1). Therefore, we have
k2ph
Λ2∗
' H
2
c3TM
2
Pl
 1, (12)
which translates to a lower bound on the graviton speed.
Additionally, the need for a finite perturbative expansion may require us to include next-to-next-to-
leading order (NNLO) operators, i.e. six-derivative terms, as they can pick up enhancements that could
stand them relevant to the calculation. This is because at (NNLO) the energy expansion ratio will
be of order H4/Λ4∗ (see Appendix D). Higher-derivative parity preserving extensions to scalar-tensor
gravity were discussed in [39] while higher-derivative parity-violating operators for Scalar-Tensor chiral
theories were discussed in [41], where alongside the gravitational Chern Simons term they included
first- and second-derivatives of the scalar field. These were subsequently studied in [54]. We only
tentatively look at these in Appendix D.
Additionally, in the limit cT  1 non-quadratic terms can become important i.e. terms of the form
∼ hhh. Parity violation in tensor non-Gaussianity was investigated in [51,55]. They showed that there
is no parity violation in de Sitter, but found non-vanishing contributions to the bispectrum when slow-
roll inflation is taken into account. In particular the three-point correlators 〈TTB〉, 〈TEB〉, 〈EEB〉
could become non-vanishing, as opposed to the parity conserving case, which we could potentially
observe in the CMB data. Furthermore, mixed correlators were more recently studied in [56].
We do not consider in detail the effect of higher-order interaction terms in this work although it
would be interesting to examine how the bispectrum is affected in a more realistic scenario of our setup.
In terms of our arguments, we require that cubic interactions remain sub-leading. As an example,
take a cubic interaction of the form5
S(3) =
M2Pl
2
∫
dη d3x
f1
M2Pl
[
1
c3T
Hh′ijh′ilh′lj − 2cThij∂i∂jhlm∇2hlm + · · ·
]
(13)
Once we restore fake Lorentz invariance, we find
S(3) =
1
2
∫
dη d3xc
− 9
2
T
f1
M3Pl
[
8Hh′ijh′ilh′lj − 16hij∂i∂jhlm∇2hlm + · · ·
]
. (14)
From this we can see that the energy expansion ratio is of the order E3/Λ3∗. We can approximate the
following constraint coming from demanding that the cubic interactions do not dominate at around
the energy scale of inflation kph ∼ H, which is
k3ph
Λ3∗
' c−
9
2
T
H3
M3Pl
 1. (15)
5Such interaction terms can be found by expanding the Weyl squared tensor to third-order in perturbations of the
metric.
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We see that in the limit cT  1 new physics could appear at energies not far above the energy scale
of inflation. Consequently, the higher-order interactions may acquire large couplings which could
leave measurable evidence, from the new physics, in the CMB data. Furthermore, the Chern Simons
instability will appear in our system for some O(1) value of (12) and (15) for which we find the limiting
value
cT '
(
H
MPl
) 2
3
. (16)
We will reach the same conclusions when we examine the effective potential, later on in the text. The
behaviour of the coefficients for the quadratic and cubic interactions around the limit (16) is shown in
Figure (1). From this we conclude that the Chern Simons instability is a consequence of the strongly
coupled theory. This can be seen in the graph, as cT approaches the limit in (16) the cubic interactions
(in blue) shoot up with respect to the quadratic interactions (in red) which, by definition, leads to the
theory being strongly coupled.
Figure 1: Once the parameter cT attains the value in (16) cubic interactions (in blue) become more
important than the quadratic ones (in red), signalling the break down of the effective description. For
this plot we take MPl = 10
18 GeV and H = 1013 GeV. The horizontal axis displays the values of cT
in the interval {10−4, 10−3} which is the range in which we expect to find the value for cT in (16) for
this particular numerical example, while the vertical axis displays the energy expansion ratio at the
non-relativistic limit Eratio ∼ O(1).
2.3 The equations of motion
Before we begin with our analysis, we need to briefly discuss the Ostrogradsky instability whose no-go
theorem [57,58] is central in the study of higher-order corrections to gravity. The effective Lagrangian
in (7) includes contributions that lead to higher than second-order equations of motion, which cannot
always be removed by partial integration. While we cannot excite the Ostrogradsky ghost, as long as
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we remain in the low-energy regime of the EFT, the system can still exhibit unphysical effects if the
equations of motion are higher than order-two6.
For (NLO) contributions to the action it is possible to obtain second-order equations of motion
via a field redefinition, which amounts to a substitution in terms of the equations of motion obtained
from the leading order action in (8)
h′′ij + 2Hh′ij − c2T∇2hij = 0. (17)
This way one can shift the offending terms at higher-orders in the expansion. As one expects, this
can complicate things when working at (NNLO). It is not, in general, trivial to find field redefinitions
that ensure second-order equations of motion when the action contains a combination of (NLO) and
(NNLO) operators. Although, such field redefinitions may be possible to find, they tend to be quite
involved. As an example, we would like to point the reader to the analysis that was performed in [59]
for the scalar sector. It would be interesting to see if, in the future, we could obtain something similar
for tensors. As we do not wish to enter into lengthy discussions regarding these issues we refer the
reader to [60–62] and references therein (see also [63] for a recent pedagogical treatment).
For these reasons, here we focus at (NLO) corrections to gravity and only briefly discuss (NNLO)
operators in Appendix D. At second-order in perturbations of the metric, we expect the disformally
transformed action to contain, schematically, the following type of contributions
S(2) =
M2Pl
8
∫
d3x dη a2
{
(1 + α)(h′ij)
2 − (c2T + β)(∇hij)2 − γ(∇h′ij)2 + δ(∇2hij)2
− ijk[ε(hqi)′(∂jhkq)′ − ζ(∂rhqi)∂j∂rhkq]
}
,
(18)
where the coefficients α - ζ are functions of the conformal time. This form of the action guarantees
second-order equations of motion. Using (17) we find that the action in (7) takes the following form
S(2) =
M2Pl
8
∫
d3x dη a2
{(
1 +
f¯1H2
c3Ta
2M2Pl
)
(h′ij)
2 −
[
c2T +
(
f¯ ′1H+ f¯1H′
)
cTa2M2Pl
]
(∇hij)2
− f¯1
cTa2M2Pl
(∇h′ij)2 + f¯1cTa2M2Pl (∇2hij)2 − f¯
′
2
a2M2Pl
ijk
[
1
c2T
h′qi∂jh
′
kq − (∂rhqi)∂j∂rhkq
]}
,
(19)
where we have absorbed numerical factors into the definitions of f¯1 and f¯2. It is easy to see that
(19) has the same form with (18) which guarantees second-order equations of motion. Next, we
produce the Euler-Lagrange equations which are expressed in terms of the canonically normalized
field7 µsk = (MPl/2)h
s
kz
s
k, which read as (see Appendix A)
(µsk)
′′ +
k2
(
c2T +
(f¯1H′+f¯ ′1H)
cT a2M
2
Pl
− cT k2f¯1
a2M2Pl
− λskf¯ ′2
a2M2Pl
)
(
1 + f¯1H
2
c3T a
2M2Pl
− k2f¯1
cT a2M
2
Pl
− λskf¯ ′2
c2T a
2M2Pl
) − (zsk)′′
zsk
µsk = 0, (20)
6It requires additional initial conditions in order to eliminate unwanted solutions. At best such systems can only be
solved numerically.
7Here we use the conventions in [64].
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where the effective potential is defined in terms of
zsk = a
√
1 +
f¯1H2
c3Ta
2M2Pl
− k
2f¯1
cTa2M2Pl
− λ
skf¯ ′2
c2Ta
2M2Pl
. (21)
The parameter s = L,R is used to denote left and right graviton modes and we have defined λs = ±1.
Finally, we have omitted summation over left and right modes. It is now evident that the effective
potential depends on the polarization modes. This produces an asymmetry in the amplitude of the
solutions for left and right modes which leads to a circularly polarized gravitational wave background
[3]. Next we look at the Chern Simons instability.
3 On the stability of parity breaking theories
Let us for a moment simplify our arguments by setting cT = 1 in (21). It is convenient to express the
effective potential in terms of the Chern Simons and Weyl squared tensor dynamical mass-scales [20]
by defining
Mcs =
aM2Pl
f ′2
, and M2w =
M2Pl
f1
, (22)
respectively, where kph = k/a is the physical wavenumber and as we will soon find out, M
2
w < 0.
Therefore, (21) becomes
zsk = a
√
1 +
H2
a2M2w
− k
2
ph
M2w
− kphλ
s
Mcs
. (23)
If we ignore the Weyl squared tensor contributions, for a moment, it is then straight forward to see
that the linear theory will break down for (zsk)
2 = 0, i.e. at kph = Mcs. The amplitude of one of the
helicity mode develops an instability which appears as a logarithmic divergence [21]. In what follows
we derive a constraint that can ensure the stability of all modes within the regime of the validity of
the EFT. For the stability of the solutions it requires
(zsk)
2 > 0⇒ 4
M2w
+
4H2
a2M4w
< −
(
λs
Mcs
)2
. (24)
The quantity on the RHS of the inequality is negative. This implies that the only way to satisfy this
relationship is to demand that the Weyl squared dynamical mass scale is tachyonic with
f1 < 0. (25)
This unfortunately implies the loss of perturbative unitarity due to positivity bounds requiring f1 > 0
[65]. We can now try to simplify relation (24) using that H2a−2 = H2 in de Sitter. In the next step,
10
we make it explicit that the inequality is satisfied by substituting for M2w = −
∣∣M2w∣∣. Solving for Mcs,
gives the simple relation
M2cs >
|Mw|4
4(|Mw|2 − 4H2)
. (26)
As this involves dynamical quantities, in the more general cases, it translates to a constraint on the
time-evolution of the theory. But there is a special case, which we would like to emphasize, where
the dynamical contributions completely drop out. For specific choices8 of the functions f1 and f2 one
finds a simple relationship between the physical scales involved9, namely Λ2 > H2. Notice that this
relationship is always satisfied in EFTs as the scale where we expect to find new physics is always
larger than the energy scale of inflation (i.e. in our case we have Λ 'MPl > H2). A similar conclusion
was reached in [23] in the case of slow-roll inflation where dynamical parameters depend only weakly
on time.
4 A toy model
We proceed to solve the equations of motion in (20). We choose to work in pure de Sitter (a =
−(Hη)−1) and look at a particularly simple example, where10 |f1| = 8|f10| and
f2 = 8f20
∫
η−1 dη , (27)
with the coupling constants having magnitudes of |f10|, f20 ∼ O(1) ∼ 1. This way we have that f¯1 = f1
and f¯2 = f2. We introduce the relative parameters ω1, ω2, g1 and g2. These are defined as follows:
ω1 =
f1
cT
, ω2 = f1cT , g1 =
f2
c2T
, g2 = f2. (28)
This way the relationships between the functions ω1, ω2, g1, and g2, simplify to
ω1 =
ω2
c2T
and g1 =
g2
c2T
. (29)
We can make contact with (18) by making the following identifications γ = ω1(aMPl)
−2, δ = ω2(aMPl)−2, ε =
g′1(aMPl)−2 and ζ = g′2(aMPl)−2. Here we have set α = β = 0 as, with our definitions, these terms
only add a negligible constant to the leading order term. The equations of motion simplify to
(µsk)
′′ +
k2
(
c2T − k
2ω2
a2M2Pl
− λskg′2
a2M2Pl
)
(
1− k2ω1
a2M2Pl
− λskg′1
a2M2Pl
) − (zsk)′′
zsk
µsk = 0. (30)
8The functions f1 and f2 have to depend on time in such a way so that all time-variables exactly cancel in (26). We
give such an example later in the text.
9For simplicity, here we have neglected a small constant contribution to the leading order term.
10Here we have reinstated the numerical factors that we had absorbed earlier into the functions f1 and f2.
11
The speed of gravitons contains corrections coming from the higher-order operators which, as we shall
soon see, they drop out. The effective potential is given in terms of
zsk = a
√
1− k
2ω1
a2M2Pl
− λ
skg′1
a2M2Pl
. (31)
To ensure stability for all modes, within the regime of validity of the EFT, we derive the simple
constraint
(zsk)
2 > 0⇒M2cs >
|Mw|2
4c3T
, f1 < 0, (32)
which can be re-expressed as a lower bound to the speed of gravitons
c3T >
|Mw|2
4M2cs
' H
2
M2Pl
. (33)
Comparing this to (12) it is now evident that the Chern Simons instability will kick in for para-
metrically small values of cT , in the limit E
2/Λ2∗ → 1. With all this in place we can now treat the
higher-order corrections as being energetically negligible for as long as we remain within the regime
of validity of the EFT. From now on we make explicit the minus sign in f1 = −|f1| < 0, as demanded
by (32) and, for simplicity, drop the absolute notation. The effective potential is expressed as
(zsk)
′′
zsk
=
2
η2
− 1
η
(
2ω10k
2η − g10λsk
1 + ω10k2η2 − g10λskη
)
− 1
4
(
2ω10k
2η − g10λsk
1 + ω10k2η2 − g10λskη
)2
+
(
ω10k
2
1 + ω10k2η2 − g10λskη
)
,
(34)
where we have simplified our arguments by introducing the following redefinitions
ω10 =
8f10H
2
cTM2Pl
, ω20 =
8f10cTH
2
M2Pl
, g10 =
8f20H
2
c2TM
2
Pl
, g20 =
8f20H
2
M2Pl
. (35)
Using the definitions given above it is easy to see that the corrections to the leading order contribution
to the speed of gravitons drop out, giving
c˜2T =
c2T + ω20 k
2η2 − g20λskη
1 + ω10k2η2 − g10λskη = c
2
T . (36)
Note that if we set ω10 = 0 and cT = 1 in (34) we obtain the form of the effective potential in [21].
Similarly, if we set g10 = 0 we correctly recover the equation for infllation which corresponds to a
harmonic oscillator with a time-dependent frequency. Taking the small scale limit (|kη| → ∞) of the
equation of motion gives
(µsk)
′′ + k2c2Tµ
s
k = 0. (37)
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This is satisfied by the Bunch-Davies vacuum solution where gravitons propagate with a speed cT ,
given by
lim
|kη|→∞
µsk(η) = −
e−icTkη√
2cTk
. (38)
Taking the large scale limit (|kη| → 0), gives
(µsk)
′′ +
(
k2c2T −
2
η2
− g10kλ
s
η
)
µsk = 0, (39)
where, for simplicity, we have neglected subdominant contributions to the graviton speed. Equation
(39) can be solved exactly. We bring it into the Whittaker form
(µsk)
′′(χ) +
[
−1
4
+
ν
χ
+
1
4 − µ2
χ2
]
µsk(χ) = 0, (40)
by making a substitution of the form
χ = 2icTkη. (41)
Hence, equation to solve is
(µsk)
′′(χ) +
[
−1
4
+
ig10λ
s
2cTχ
+
(−2)
χ2
]
µsk(χ) = 0. (42)
Solutions are in terms of Whittaker functions11 (the details can be found in Appendix B). The tensor
power spectrum, per polarization, is found to be
k3P sh(k) =
1
pi2
H2
M2Plc
3
T
∣∣∣∣Γ(2− ig10λs2cT
)∣∣∣∣−2 e−piλsg102cT , (43)
and it is scale-invariant, as expected. We conclude that, for λ = −1, the left modes are enhanced.
4.1 Chirality enhancement
In this work we are interested to parametrically approach the regime at which maximal parity violation
occurs. Therefore we consider the non-relativistic limit cT  1. To find the maximum possible
enhancement for the left modes we have to take into account the condition in (12) which is equivalent
to the lower bound for cT in (33). We find that as we parametrically approach the limit E
2/Λ2∗ → 1
the exponential argument in (43), namely
e
pi g10
2cT ' e
4piH2
c3TM
2
Pl ' e
H2
Λ2∗ ,
(44)
11 The prescription for finding inflationary solutions in terms of the Whittaker equations can be found in [21,24,66].
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becomes of order one12 leading to maximal parity violation with circular polarization ratio Π → 1,
indicating a fully left-handed signal. This is the point at which we expect the quadratic theory to
break down and the Chern Simons instability to appear in our system. If we were to include cubic
interactions we would also expect the theory, at this point, to be strongly coupled resulting to large
parity violation in tensor non-Gaussianity.
At this point we would like to emphasize that by using this framework it becomes explicit that the
Chern Simons instability is a consequence of the strongly coupled theory. From this we conclude that
if maximal parity violation is to occur new physics are ought to be included. This translates to adding
extra degrees of freedom so that we can admit a weakly coupled description of our system which could
enable us to consistently parametrize it when we extrapolate it to higher energies. Such approaches
have been attempted in the scalar sector in [36,37] where they studied weakly coupled completions of
the EFTI action in [35]. It would be interesting to do something similar for the tensor sector.
Our conclusions are in agreement with the literature, as so far we have not been able to produce an
observable amount of circular polarization of gravitational waves in single field inflation. Our approach
is to be understood as being complimentary to previously examined cases in the literature.
Another important constraint may come from requiring a small scalar-tensor ratio as per the results
from the Planck collaboration [34]. Looking at the tensor power spectrum in (43) we see there is an
inverse factor of c3T scaling the overall power spectrum, therefore, when we enhance chirality at the
same time we also enhance the overall amplitude of the gravitational waves, so care must be taken.
Taking again the limit E2/Λ2∗ → 1 and summing over the polarizations we find the power spectrum
can take the maximal value13
k3P sh(k) ∼ O(1), (45)
leading to a large tensor amplitude. Either way, if the scalar-tensor ratio is too small then it would
be very difficult to detect circular polarization due to cosmic variance. Therefore, a large tensor
amplitude is preferable. The presence of c−3T in the power spectrum could be used to parametrically
enhance the amplitude of gravitational waves which also enhances detectability.
5 Relation between frames
It has been shown that disformal transformations cannot remove four- or higher-derivative corrections
to the quadratic action for tensors [67]. Additionally, sufficiently complicated theories do not guar-
antee to have an Einstein frame. For example, consider the scalar-tensor action in (18) for arbitrary
parameters α−ζ. Upon disformal transformation, in the new frame, one may expect to find a quadratic
action in terms of canonical Einstein gravity (i.e. as in [49]) but with a non-standard higher-curvature
extension. As here we work with theories that go beyond Einstein’s gravity, we do not technically
consider physics in the Einstein frame. Therefore, in what follows we simply dub different frames as
A and B.
In our case, we started in a frame, say A, where the action in (2) is described by the canonical
Einstein quadratic term plus the extension to gravity given by Weinberg in [33]. This theory is
understood to be valid up to some fixed heavy mass scale Λ 'MPl. We then moved our formulations
12 Here we used relation (12) to substitute for c−3T ∼M2Pl/H2.
13 For simplicity, here we have ignored various order one parameters.
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to another frame, say B, by disformally mapping the operators at the level of the perturbations. We
found the action in (7), in which gravitons propagate with a non-trivial speed cT . We demonstrated
that if cT becomes parametrically small for a fixed scale Λ ' MPl it could spoil the validity of the
EFT. We showed that this is the point where we expect maximal parity violation to occur resulting
to the presence of the Chern Simons instability. Additionally, cubic operators will become important
resulting into tensor modes appearing strongly coupled well below the energy scale Λ 'MPl.
It is to be understood that we work, essentially, with a different representation of extensions to
Einstein’s gravity. In this sense, the A and B frame theories are said to be mathematically equivalent
[68]. In the limit where cT = 1 the theories are also said to be physically equivalent. On the other
hand, when we consider arguments on the physical equivalence between frames, at the non-relativistic
limit cT  1, we stumble across a noticeable difference. We cannot bypass the effective field theory
machinery which instructs us that we should have to include additional degrees of freedom to the B
frame theory, so that we can produce a theory that is valid and consequently weakly coupled all the
way from the energy scale of inflation H to the fixed cutoff scale Λ ' MPl. This is very likely to
affect the effective description of the theory (as in [36, 37]) and therefore, the observables as they are
sensitive to the higher-curvature corrections. We find that arguments on physical equivalence between
frames are more difficult to reconcile once we go beyond leading order effects.
Finally, let us remark that one could build an effective description having the same form with
(7) by starting with operators that do not admit an inverse disformal transformation. These were
examined in [69].
6 Outlook
In this work we re-examined the problem of parity violation in single field inflation. In particular, we
looked for a systematic way to parametrically approach the scale at which maximal parity violation
occurs. We achieved this by introducing a small parameter, by means of a disformal transforma-
tion, whose effect was to suppress the heavy cutoff scale Λ ' MPl of the effective theory leading to
parametrically large chiral tensor fluctuations.
We found that sub-leading quadratic operators can become important signalling the presence of
the Chern Simons instability. This inevitably implies the existence of non-trivial cubic interactions
which could stand the theory strongly coupled for parametrically small values of the parameter cT
and, consequently, lead to large parity violation in tensor non-Gaussianity. We showed that by using
this framework it becomes explicit that the Chern Simons instability is a consequence of the strongly
coupled theory.
We concluded that, at this point, a change in the physical description of the theory is necessary so
that one can consistently parametrize our system as the energy increases up to the heavy cutoff scale
Λ ' MPl. The addition of new degrees of freedom could help, in a consistent manner, to maintain
sufficient parity violation while at the same time ensure stability of the modes. We hope to examine
this in a future work.
Our approach is to be understood as being complimentary to previously examined cases in the
literature. In particular, extra field content could be incorporated into our EFT framework in a
systematic way.
At this point we would like to emphasize that our work is only indicative of the many open
questions one needs to carefully tackle when considering higher-order extensions to Scalar-Tensor
gravity, especially in the presence of parity violation. We do not wish to answer these questions in one
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go. As a first attempt we kept the formulations as simple as possible and only tentatively looked at
these problems. Indeed, more complicated effective descriptions can come from considering disformal
transformations of operators at the covariant level. Below we address the possible directions one can
take so that progress can be made in the future.
The next step would be to find a phenomenologically viable inflationary model and do a complete
and concrete analysis in quasi-de Sitter. Additionally, one could take into account the complete set
of non-redundant six-derivative operators, as higher-curvature terms can become important. Such
considerations are subject to finding a field redefinition that can ensure second-order equations of
motion. It would also be interesting to see how the bispectrum is affected in this setup by considering
cubic operators. In particular we are interested in the regime in which these contributions become
important, leading to large tensor non-Gaussianity.
Finally, at the end of inflation the scalar field has reached its minimum (φ = const.) and the
gravitational Chern Simons term becomes a total derivative. Therefore, we do not expect to find
parity violation in the subsequent evolution of the classical gravitational dynamics [23]. On the other
hand, the six-derivative parity violating terms may not necessarily become surface terms which may
affect post-inflationary predictions. This deserves more investigation.
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A Disformal transformation of linearised (NLO) operators
Our starting point is the, most familiar to us, extension to Einstein’s gravity as discussed in [33]. At
the background level the action is given by
S =
M2Pl
2
∫
d4x
√−g
[
R+
f1
Λ2
WµνρσWµνρσ +
f2
Λ2
µνρσgκβgλζWµνβζWρσκλ
]
. (46)
This is expanded around an FRW background to second-order in perturbations of the metric. We
choose to express the perturbed action in term of barred parameters. The action reads
S(2) =
∫
d3x dη¯
{
M2Pl
8
a¯2
[
(∂η¯hij)
2 − (∂khij)2
]
+
M2Pl
4Λ2
f¯1
[(
∂η¯(∂η¯hij) +∇2hij
)2 − 4(∂k∂η¯hij)2]
− M
2
Pl
2Λ2
8f¯2
ijk(∂η¯∂ihlj)
[H¯(∂η¯hlk) + ∂η¯(∂η¯hlk)]
}
,
(47)
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where f¯1 and f¯2 are dimensionless functions of time. We introduce modifications to gravity by per-
forming an inverse disformal transformation following the prescription in [46,49,50].
When dealing with only (NLO) operators one can employ a suitable field redefinition to ensure
second-order equations of motion. There are two ways to do this here. One is to first transform the
action and then use the equations of motion from the leading order contributions to the quadratic
action in the new frame to reduce the order of the time derivatives. Equivalently one can use the
leading order equations of motion in the barred frame to reduce the order of the time derivatives
and then transform the action to the new frame. The result will be the same. In this Appendix we
choose the latter, therefore, using the equations of motion for the quadratic action in the barred frame,
namely
∂η¯(∂η¯hij) + 2H¯∂η¯hij −∇2hij = 0, (48)
the action reduces to
S(2) =
∫
d3x dη¯
{
M2Pl
8
a¯2
[
(∂η¯hij)
2 − (∂khij)2
]
+
M2Pl
Λ2
[
f¯1H¯2(∂η¯hij)2 −
[
(∂η¯f¯1)H¯+ f¯1(∂η¯H¯)
]
(∇hij)2 − f¯1(∂η¯∇hij)2 + f¯1(∇2hij)2
]
− M
2
Pl
Λ2
(∂η¯f¯2)
ijk
[
(∂η¯hqi)(∂η¯∂jhkq) + (∇2hqi)∂jhkq
]}
.
(49)
We choose the following redefinition of the time-coordinate and the scale factor
dη¯ = cT dη , a¯ = c
− 1
2
T F
1
2a, (50)
where cT = FG−1 and with the parameters F ,G being functions of time. We find the Hubble parameter
transforms as
H¯ = c−1T
(
H− 1
2
c′T
cT
+
1
2
F ′
F
)
. (51)
In the new frame the action becomes
S(2) =
M2Pl
8
∫
d3x dη a2
{(
G + 8f¯1A
c3Ta
2Λ2
)
(h′ij)
2 −
[
F + 8
(
f¯ ′1B1 + f¯1B2
)
cTa2Λ2
]
(∇hij)2
− 8f¯1
cTa2Λ2
(∇h′ij)2 + 8f¯1cTa2Λ2 (∇2hij)2
− 8f¯
′
2
a2Λ2
ijk
[
1
c2T
h′qi∂jh
′
kq − (∂rhqi)∂j∂rhkq
]}
,
(52)
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where we denote derivatives with respect to the conformal as ′ = ∂η and have defined the following
parameters
A = H2 +H
(F ′
F −
c′T
cT
)
+
(
1
2
F ′
F −
1
2
c′T
cT
)2
,
B1 = H+ 1
2
F ′
F −
1
2
c′T
cT
, B2 = H′ −Hc
′
T
cT
− 1
2
c′T
cT
F ′
F +
(
c′T
cT
)2
− 1
2
(F ′
F
)2
+
1
2
F ′′
F −
1
2
c′′T
cT
.
(53)
We do not know yet how the functions f¯1 and f¯2 transform. At the limit of constant parameter cT
the parameters A,B1 and B2 reduce to
A = H2 +HF
′
F +
1
4
(F ′
F
)2
, B1 = H+ 1
2
F ′
F , B2 = H
′ − 1
2
(F ′
F
)2
+
1
2
F ′′
F . (54)
In the case where F ,G are constants we simply have
A = H2, B1 = H, B2 = H′, (55)
i.e. the Hubble parameter simply transforms as a derivative H¯ = c−1T H. We proceed to produce the
equations of motion. The Fourier transform for tensor perturbations is given by
hij(η,x) =
1
(2pi)
3
2
∫
dk
∑
s=R,L
psij(k)h
s
k(η)e
ik · x, (56)
where the tensor polarizations are defined in a circular basis as
pRij ≡
1√
2
(p+ij + ip
×
ij) and p
L
ij ≡
1√
2
(p+ij − ip×ij) = (pRij)∗, (57)
where p+ij , p
×
ij are the two linear polarization tensors and p
R
ij , p
L
ij are polarizations that rotate in the
right (R) and left (L) handed directions, respectively. These satisfy the following transversality and
traceless conditions
psijkj = 0 and (p
i
i)
s = 0, s = L,R, (58)
where k = ki are momenta in the spatial directions. In momentum space the Euler-Lagrange equations
read
(hsk)
′′
(
1 +
8f¯1A
c3TGa2Λ2
− 8k
2f¯1
cTGa2Λ2 −
8kλsf¯ ′2
c2TGa2Λ2
)
+ (hsk)
′
(
2H+ 8f¯1A
′
c3TGa2Λ2
− 24f¯1Ac
′
T
c4TGa2Λ2
+
G′
G +
8f¯ ′1A
c3TGa2Λ2
− 8k
2f¯ ′1
cTGa2Λ2 +
8k2f¯1c
′
T
c2TGa2Λ2
− 8kλ
sf¯ ′′2
c2TGa2Λ2
+
16kλsf¯ ′2c′T
c3TGa2Λ2
)
+ k2hsk
(
c2T +
8f¯ ′1B1
cTGa2Λ2 +
8f¯1B2
cTGa2Λ2 −
8k2f¯1cT
Ga2Λ2 −
8kλsf¯ ′2
Ga2Λ2
)
= 0,
(59)
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where we have used the following identity to simplify the result
i
kp
k
pjkpik = −λs(pji )s, λs = ±1, (60)
and have omitted summation over left and right modes. Next, for simplicity we consider the case
where cT = const. and F ,G are functions of time, as in (54). We can obtain the evolution equations
for tensor fluctuations in momentum space in terms of the canonically normalized amplitudes
µsk(η) =
MPl
2
hsk(η)z
s
k(η). (61)
We find
(µsk)
′′ +
k2
(
c2T +
8(f¯1B2+f¯ ′1B1)
cTGa2Λ2 −
8cT k
2f¯1
Ga2Λ2 −
8λskf¯ ′2
Ga2Λ2
)
(
1 + 8f¯1A
c3TGa2Λ2
− 8k2f¯1
cTGa2Λ2 −
8λskf¯ ′2
c2TGa2Λ2
) − (zsk)′′
zsk
µsk = 0, (62)
where the effective potential is defined in terms of
zsk = z1(τ)
√
1 +
8f¯1A
c3TGa2Λ2
− 8k
2f¯1
cTGa2Λ2 −
8λskf¯ ′2
c2TGa2Λ2
, z1(τ) = z0a
√
2Gc3TΛ, (63)
and it is given by
(zsk)
′′
zsk
=
z′′1
z1
+
z′1
z1

(
8f¯1A
c3TGa2Λ2
)′ − k2( 8f¯1
cTGa2Λ2
)′ − kλs( 8f¯ ′2
c2TGa2Λ2
)′
1 + 8f¯1A
c3TGa2Λ2
− 8k2f¯1
cTGa2Λ2 −
8λskf¯ ′2
c2TGa2Λ2

+
1
2

(
8f¯1A
c3TGa2Λ2
)′′ − k2( 8f¯1
cTGa2Λ2
)′′ − kλs( 8f¯ ′2
c2TGa2Λ2
)′′
1 + 8f¯1A
c3TGa2Λ2
− 8k2f¯1
cTGa2Λ2 −
8λskf¯ ′2
c2TGa2Λ2

− 1
4

(
8f¯1A
c3TGa2Λ2
)′ − k2( 8f¯1
cTGa2Λ2
)′ − kλs( 8f¯ ′2
c2TGa2Λ2
)′
1 + 8f¯1A
c3TGa2Λ2
− 8k2f¯1
cTGa2Λ2 −
8λskf¯ ′2
c2TGa2Λ2

2
,
(64)
with
z′′1
z1
=
a′′
a
+
1
2
G′′
G +
a′
a
G′
G −
1
4
(G′
G
)2
,
z′1
z1
=
a′
a
+
1
2
G′
G . (65)
To ensure correct signs for the kinetic term and a healthy speed for gravitons we define the following
constraints
(zsk)
2 > 0⇒ 1 + 8f¯1A
c3TGa2Λ2
− 8k
2f¯1
cTGa2Λ2 −
8λskf¯ ′2
c2TGa2Λ2
> 0,
and c2T +
8(f¯1B2 + f¯ ′1B1)
cTGa2Λ2 −
8cTk
2f¯1
Ga2Λ2 −
8λskf¯ ′2
Ga2Λ2 > 0.
(66)
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B The equations of motion
The equation to solve is
(µsk)
′′(χ) +
[
−1
4
+
ig10λ
s
2cTχ
+
(−2)
χ2
]
µsk(χ) = 0, (67)
where
χ = 2icTkη. (68)
Solutions are in terms of Whittaker functions. Here we keep the Whittaker W function which has a
growing solution for left modes and a negative decaying solution for right modes. The Whittaker W
solution is expressed as in [70] (page 1024, relation 9.220, 2)
Wν,µ(χ) = χ
µ+ 1
2 e−
χ
2U
(
µ− ν + 1
2
, 2µ+ 1;χ
)
, (69)
where U is the confluent hypergeometric function. In our case we have that
ν =
ig10λ
s
2cT
, (70)
and µ is found to be 14 − µ2 = −2 ⇒ µ2 = (2 + 14) = 94 ⇒ µ = ±32 . Any root works, therefore, we
choose
µ =
3
2
. (71)
The full solution is given by
µsk(χ) = B1(k)Wν,µ(χ) = B1(k)e
−icT kη(2icTkη)2U
(
2− ig10λ
s
2cT
, 4; 2icTkη
)
, (72)
which is normalized against the Bunch-Davies vacuum, as follows. The asymptotic representation for
the Whittaker function for large values of |χ| is given by (see [70] page 1026, relation 9.227)
lim
|χ|→∞
Wν,µ(χ) ∼ e−
χ
2 χν . (73)
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Therefore, taking the small scale limit of the Whittaker function gives
lim
|kη|→∞
µsk(χ) = B1(k) lim|kη|→∞
Wν,µ(χ) = B1(k)e
−icTkη(icTkη)
ig10λ
s
2cT
= B1(k)e
−icTkηe
[
ig10λ
s
2cT
ln (2icTkη)
]
= B1(k)e
−icTkηe
{
ig10λ
s
2cT
[
ln (2cT |kη|)− ipi
2
]}
= B1(k)e
−icTkηe
(
pig10λ
s
4cT
)
,
(74)
up to a phase. To correctly normalize the solutions we need to compare the above to the Bunch-Davies
vacuum solution (38). We have
lim
|kη|→∞
µsk(η) = −
e−icTkη√
2cTk
= B1(k)e
−icTkηe
(
pig10λ
s
4cT
)
.
(75)
Finally, the normalization is
B1(k) = − 1√
2cTk
e
(
−pig10λ
s
4cT
)
.
(76)
Substituting for B1(k) into (72) we find that the correctly normalized Whittaker solutions are given
by
µsk(χ) = (−2cTkη)
3
2
√−ηe−
piλsg10
4cT U
(
2− iλ
sg10
2cT
, 4, 2icTkη
)
. (77)
To find the form of the solution at large scales we use (see [71], page 508, relation 13.5.6) limz→0 U(a, b, z) =
Γ(b−1)
Γ(a) z
1−b,Rb ≥ 2, b 6= 2, giving
lim
|kη|→0
µsk(χ) =
√ −η
2(−cTkη)3
1
Γ
(
2− ig10λs2cT
)e−piλsg104cT . (78)
We need to find the power spectrum in terms of hsk = 2µ
s
k(z
s
kMPl)
−1. We first need to solve for
(zsk)
′′
zsk
=
2
η2
+
g10kλ
s
η
, (79)
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which has the general form (see [72], relation 2.8.24)
W ′′
W
=
u2
4ξ
+
(ν2 − 1)
4ξ2
+
ψ(ξ)
ξ
, (80)
with ν = ±3, ψ(ξ) = 0. We pick the growing solution (for the left modes) to be
zsk(kη) = 2z0
√
g10λskηK3(2
√
g10λskη). (81)
We use limz→0Kn(z) = 12Γ(n)(
1
2z)
−n to take the large scale limit giving
lim
|kη|→0
zsk = z02
√
g10λskη(
√
g10λskη)
−3 = −(Hη)−1. (82)
The tensor power spectrum, per polarization, is found to be
P sh(k) =
1
pi2
H2
M2Plc
3
T
∣∣∣∣Γ(2− ig10λs2cT
)∣∣∣∣−2 e−piλsg102cT , (83)
where for λ = −1 the left modes are enhanced.
C Disformal transformation of covariant (NLO) operators
We consider a pure disformal transformation of the higher-curvature operators in [33]. Here we follow
the procedure in the Appendix of [43]. Using the following field redefinition
pi =
∫
dφ
√
B(φ), (84)
the barred metric can be expressed in terms of the following pure disformal relations
g¯µν = gµν + pi,µpi,ν , g¯
µν = gµν − γ20pi,µpi,ν , (85)
with
γ20 =
1
1− 2Xpi , ∇µγ0 = −γ
3
0pi
,αpi;αµ, X = −1
2
piµpi
,µ, (86)
where we use the notation pi,µ = ∂µpi and pi
;µ
µ = ∇µ∇µpi. The action to transform was given in (2).
The transformation of the Einstein-Hilbert term was already considered in [43]. Next we consider the
transformation of the Weyl squared tensor which we express as
W¯µνρσW¯
µνρσ = R¯µνρσR¯
µνρσ − 2R¯µνR¯µν + 1
3
R¯2. (87)
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We find the following contributions, where we denote the Weyl squared tensor as W 2 for short
W¯ 2 = WαβδW
αβδ
+ 4γ20
{
RαδβΠ
βαΠδ − 〈R δζα Rβδζ〉+ 〈RδRαδβ〉+RαβΠδβΠδα
+ 〈R δα Rβδ〉 −
1
3
R〈Rαβ〉 − [Π]RαβΠ + 1
6
R
(
[Π]2 − [Π2])}
+ 4γ40
{
1
2
〈〈R ζ ηα β Rδζη〉〉 − 〈RαβζΠδΠζδ〉+ 〈RαβζΠζ〉
− 4〈RβδζΠδαΠζ〉 − 2〈R δα ΠδΠβ〉+
1
3
〈Rαβ〉
(
[Π2]− [Π]2)
+ 2〈R δα Πδβ〉[Π]− 〈RδΠδαΠβ〉+ 〈Π〉RδΠ−
1
6
〈〈RαβRδ〉〉
+
1
3
R
(〈Π2〉 − 〈Π〉[Π])+ 1
12
[Π]4 − 2
3
[Π]2[Π2] +
7
12
[Π2]2 + [Π][Π3]− [Π4]
}
+ 4γ60
{
〈Π〉〈RδζηΠηζ〉 − 〈〈RδζηΠζαΠηβ〉〉+
1
3
〈Rαβ〉(〈Π〉2 − 〈Π〉[Π])
+ 4〈Π4〉 − 3〈Π3〉[Π] + 4
3
〈Π2〉[Π]2 − 1
3
〈Π〉[Π]3 − 7
3
〈Π2〉[Π2]
+
4
3
〈Π〉[Π][Π2]− 〈Π〉[Π3]
}
+ γ80
{
4
3
(〈Π2〉2 + 〈Π〉〈Π2〉[Π])− 2
3
〈Π〉2[Π]2 − 4〈Π〉〈Π3〉+ 2〈Π〉2[Π2]
}
.
(88)
Here we have condensed our expressions by using the Galileon notation in [43]. The Chern Simons
gravitational term WW˜ can be expressed as
¯WW˜ = −ε¯µνρσR¯λκρσR¯κλµν − 4ε¯λµνρR¯κλR¯κµνρ +
2
3
ε¯κλµνR¯R¯κλµν , (89)
where ε¯µνρσ = µνρσ/
√|g¯| is the Levi-Civita tensor density. The above transforms as
¯WW˜ = ε¯µνρσWµνκλW
κλ
ρσ
+ 4γ20
{
1
6
ε¯µνρσRµνρσ
(
[Π]2 − [Π2])− 1
2
〈ε¯νρσαRκµνρRλµσα〉
+ 〈ε¯µνρσRκµRλνρσ〉+ 〈ε¯νρσαRκµλνRµρσα〉 −
1
3
〈ε¯µνρσRκλRµνρσ〉
+ ε¯µνρσRλνρσΠ
λκΠµκ − [Π]ε¯µνρσRλνρσΠ λµ + ε¯λνρσRκµρσΠ κλ Π µν
}
+ 4γ40
{
1
3
ε¯νρσαRνρσα
(〈Π2〉 − 〈Π〉[Π])+ [Π]〈ε¯µρσαRλρσαΠµκ〉
− 〈ε¯νρσαRµρσαΠµκΠνλ〉 − 〈ε¯νρσαRλρσαΠµκΠνµ〉
+ 〈Π〉ε¯νρσαRµρσαΠ µν − 2〈ε¯µρσαRλνσαΠµκΠνρ〉
}
.
(90)
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From the above it is evident that the disformal transformation contributes extra pieces to the higher-
curvature terms which results in altering the effective description. In the case of a general disformal
transformation we would have to include several additional contributions. It is evident that these
expressions can quickly grow to be very large. Here we focus on the transformation of linearised
operators, which are simpler, and leave such considerations for future work.
D Next-to-next-to leading order operators
The usual prescription when working with EFTs is to write down the most general set of operators
consistent with the symmetries of the full theory and use the background equations of motion to
eliminate redundant ones as prescribed in [33]. At (NNLO) one may also have to use the first Bianchi
identity to relate terms. So far to our knowledge no one has produced the full set of non-redundant
six-derivative corrections to gravity, in the context of single field inflation. Here we only tentatively
look at some (NNLO) operators. As an example, let us briefly consider the following six-derivative
operators
S
(0)
NNLO =
M2Pl
2
∫
d4x
√−g
{
b1
Λ4
WµνρσR
νσφ,µφ,ρ +
b2
Λ4
Wµνρσφ
;µρφ;νσ
+ µνρσ
d1
Λ4
WρσκλR
λ
νφ
,κφ,µ
}
.
(91)
Following the prescription in Section (2.1) and Appendix A we disformally transform these operators,
after we have expanded them to second-order in perturbations of the metric, to find the following
contributions
S
(2)
NNLO =
M2Pl
2
∫
d4x
{
b1
a2Λ4
[
− (φ
′)2
8c6T
(
h′′ij
)2 − H(φ′)2
4c6T
h′ijh
′′
ij −
H(φ′)2
4c5T
h′ij∇2hij
+
(φ′)2
8c2T
(∇2hij)2
]
+
b2
a2Λ4
[(
φ′φ′′
4c6T
− H(φ
′)2
2c6T
)
h′ijh
′′
ij +
(
φ′φ′′
4c5T
− H(φ
′)2
2c5T
)
h′ij∇2hij
]
+
2d1
a2Λ4
[
(φ′)2∂ih′ljh
′′
lk
c5T
+
2H(φ′)2∂ih′ljh′lk
c5T
− (φ
′)2∂ih′lj∇2hlk
c3T
]}
.
(92)
The order of the energy expansion is E4/Λ4∗ where, using the arguments in Section (2.2), we can deduce
that the effective mass scale is given by Λ4∗ = c6TΛ
4. It is easy to see that at the non-relativistic limit
cT  1 these operators can pick up enhancements that could stand them relevant to the calculation.
Therefore, it may become necessary to consider (NLO) and (NNLO) corrections to gravity. Suppose,
we extend the action in (7) by including the contributions in (92). As we’ve already discussed in
Section (2.3), when working with a combinations of (NLO) and (NNLO) terms, it is not entirely
straightforward to find a field redefinition that can ensure second-order equations of motion.
Here we take a much more modest approach. At second-order in perturbations of the metric we
expect the disformally transformed action to contain, schematically, the contributions shown in (18).
We recall that this form of the action guarantees second-order equations of motion.
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In the absence of a suitable field redefinition one may produce a theory that leads to at most second-
order equations of motion by suitably choosing the free functions characterizing the higher derivative
contributions. Of course, as these operators are motivated by a quantum mechanical description of
gravity one would expect that such tuning may seem unnatural except if it is protected by some
underlying symmetry. While this is true, we believe that there is no great loss of generality in doing
things in the way indicated here as long as we maintain the form of the action shown in (18). Therefore,
what follows should be understood as a naive approximation to a much more difficult problem.
The (NNLO) contributions have been chosen in such way so that the operator coupled to b1 can
be used to cancel the contribution (h′′ij)
2 in the Weyl squared tensor while the operators coupled to b2
can be used to cancel the contribution h′ijh
′′
ij in the operators coupled to b1. Similarly, the operators
coupled to d1 can be used to cancel the contribution proportional to Hh′ij in the gravitational Chern
Simons term and introduce to the action a contribution proportional to ∇2hlk. Therefore, with the
following definitions
b1 =
4f1Λ
2a2c3T
(φ′)2
, b2 = − b1Hφ
′
2Hφ′ − φ′′ = −
4f1Λ
2Ha2c3T
φ′(2Hφ′ − φ′′) and d1 = −
2f2Λ
2a2c3T
(φ′)2
, (93)
the extended action reduces to
S(2) =
M2Pl
8
∫
d3x dη a2
{
(h′ij)
2 − c2T (∇hij)2 −
ω1
a2Λ2
(∇h′ij)2 +
ω2
a2Λ2
(∇2hij)2
− ijk
[
g′1
a2Λ2
(hqi)
′(∂jhkq)′ − g
′
2
a2Λ2
(∂rhqi)∂j∂rhkq
]}
.
(94)
In terms of (18) we can identify α = β = 0, γ = ω1(aΛ)
−2, δ = ω2(aΛ)−2,  = g′1(aΛ)−2, ζ = g′2(aΛ)−2,
ensuring second-order equations of motion.
Note, here we do not consider operators of the form ∇αWµνρσ∇αWµνρσ which can have up to
three derivatives acting on the metric. Such operators carry contributions to the equations motion
with very high momenta which, for the sake of simplicity, we choose to ignore these terms in this work
and only partially extend our low-energy action to the higher-derivative regime.
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